All proteins of the villin superfamily, which includes the actin-capping and -severing proteins such as gelsolin, scinderin, and severin, are calcium-regulated actinmodifying proteins. Like some of these proteins, villin has morphologically distinct effects on actin assembly depending on the free calcium concentrations. At physiological calcium (Ca 2؉ ) villin nucleates and bundles actin, whereas at higher concentrations it caps (>50 M) and severs (>200 M) actin filaments. Although Ca 2؉ -binding sites have been described in villin, the functional characterization of these sites has not been done previously. In the present study we functionally dissect the calcium-dependent actin-capping and -depolymerizing sites in villin. Our analysis reveals that villin binds Ca 2؉ with a K d of 80.5 M, a stoichiometry of 5.97, and a Hill's coefficient of 1.2. Using the NMR structure of villin 14T and the gelsolin-actin/Ca 2؉ crystal structure, six putative sites that result in Ca 2؉ -induced conformational changes were identified in human villin and confirmed by mutational analysis. Molecular dynamics studies support the mutational analysis and provide a model for structural difference in the A93G mutant that prevents the calcium-induced conformational changes in the S1 domain of villin. Furthermore, we determined that villin expresses at least two types of Ca 2؉ -sensitive sites that determine separate functional properties; site 1 (Glu-25, Asp-44, and Glu-74) regulates actin-capping, whereas sites 1 and 2 (Asp-86, Ala-93, and Asp-61), together with the intra-domain calcium-sensitive sites in villin, regulate actin depolymerization by villin. This is the first study that employs sequential mutagenesis to biochemically and functionally characterize the calcium-sensitive sites in villin. Such mutational analysis and functional characterization of the actin-capping and -depolymerizing sites are unknown for other proteins of the villin family.
Villin belongs to a family of actin-binding proteins that contain 3-6 repeats of a conserved domain. In villin, gelsolin, and scinderin there are six such segmental repeats (S1-S6 in villin and G1-G6 in gelsolin). Villin contains an additional domain (S7), the headpiece, which imparts it with the ability to crosslink actin filaments. Villin can nucleate, sever, cap, and crosslink actin filaments in a calcium-regulated manner. Both villin and gelsolin demonstrate the Ca 2ϩ -induced conformational changes referred to as the "hinge mechanism" in villin (1) and the "hinge/latch mechanism" in gelsolin (2) . Consistent with this model, we have recently demonstrated that villin undergoes a large Ca 2ϩ -dependent conformational change, which includes an increase in the ␣-helical content of the protein (3) . Furthermore, we have identified two residues, Asp-467 and Asp-715, in human villin that function as hinge/latch residues and regulate this major Ca 2ϩ -dependent conformational change in villin. Like gelsolin, the villin core (S1-S6) retains most of it ligand binding properties including G-actin, F-actin, phosphatidylinositol 4,5-bisphosphate, and calcium-binding sites. Villin contains an additional F-actin and a phosphatidylinositol 4,5-bisphosphate-binding site in the headpiece domain (4, 5) . Unlike gelsolin but like scinderin, the association of villin with actin is Ca 2ϩ -dependent (6, 7) . In addition, maximal actin severing by villin requires significantly higher Ca 2ϩ concentrations than for severing by gelsolin (6) . Although villin and gelsolin share structural similarity (45% homology at the amino acid level), the villin core and the gelsolin core are not functionally identical (8) .
Glenney et al. reported for the first time the presence of a single tight calcium-binding site with a K d of 2.5 M in villin, supporting the functional importance of calcium ions in the microvillus organization and stability (9) . These studies were done using equilibrium dialysis with 45 Ca. Subsequently, Hesterberg and Weber reported the presence of three Ca 2ϩ -binding sites in villin including two rapidly exchanging (not tightly bound) sites, one each in the core and the headpiece and a third non-exchangeable (tightly bound) high affinity Ca 2ϩ -binding site in the villin core (10) . These studies were done using the chromatographic method of Hummel and Dreyer (11) . The nonexchangeable site was predicted to be a site buried in the villin core, inaccessible to the solvent (10) . The binding constants reported by Hesterberg and Weber were 4.6 M for full-length villin, 3.5 M for the villin core, and 7.4 M for the headpiece (10) . Walsh et al. reported that different calcium-binding sites regulate the actin-capping and -cutting activities of villin (12) . Furthermore, they reported that the calcium-binding sites regulating actin severing had a much lower affinity for calcium than did the sites regulating actin capping (12) . The calciumbinding sites regulating the capping activity of villin were saturated at 10 M Ca 2ϩ , suggesting a K d of Ͻ0.1 M for actin capping (12) . In contrast, the actin-severing activity of villin required 200 M Ca 2ϩ (12) . This binding constant was analogous to the binding constants reported by Hesterberg and Weber (10) as well as by Glenney et al. (9) . The binding kinetics for actin capping and severing were confirmed in functional □ S The on-line version of this article (available at http://www.jbc.org) contains supplemental material in the form of a list of primers used to confirm Ca 2ϩ -binding site mutations and graphs depicting tryptophan fluorescence measurements (Figs. S1 and S2).
¶ To whom correspondence should be addressed: University of Tennessee, Health Science Center, 894 Union Ave., Nash 402, Memphis, TN 38163. Tel.: 901-448-3410; Fax: 901-448-3505; E-mail: skhurana@ utmem.edu. studies by Northrop et al., where it was reported that the calcium requirements for actin capping and severing by villin differed by as much as four orders of magnitude (13) . Like Walsh et al., Northrop et al. concluded that 10 M Ca 2ϩ was saturating for capping but did not support the actin-severing functions of villin, which required 100 -200 M Ca 2ϩ (13) . The similarity between the reported Ca 2ϩ binding constants, including the rapidly exchanging calcium sites described by Hesterberg and Weber (10) , suggest that the calcium-binding sites reported to date for villin are consistent with a Ca 2ϩ -binding site that may regulate actin capping but not actin severing. Thus, the calcium-binding constants that support the actinsevering activity of villin have not been described previously. The specific residues involved in calcium binding were identified by Markus et (14) . The relatively low affinity of these sites suggests that the calcium affinity of villin increases in the context of the fulllength protein and/or in the presence of actin.
Recent studies with the villin and gelsolin knock-out mice support the idea that the actin-severing functions of these proteins are physiologically important to their role in cell migration. However, the Ca 2ϩ -binding sites regulating the actinsevering function of villin are not well characterized. Furthermore, whereas Ca 2ϩ -binding sites (at least three) have been described for villin, the residues involved in the Ca 2ϩ -induced conformational changes in villin have not been identified. The goal of this study was to better describe the structural basis of the interaction of villin with Ca 2ϩ to elucidate the molecular basis of cytoskeletal reorganization by villin. Of all the proteins of the villin superfamily, the Ca 2ϩ -binding sites are best described for the homologous protein gelsolin, which has been crystallized in the presence of actin and Ca 2ϩ ions (15) (16) (17) (18) (19) . However, even for this protein, the Ca 2ϩ binding sites regulating actin capping and actin severing have not been functionally distinguished. In the following report, we used mutational analysis to identify the residues that generate Ca 2ϩ -induced conformational changes in villin as well as map these sites with the actin-capping and -depolymerizing activities of villin. Two crystal structures were used to predict the putative Ca 2ϩ -sensitive sites in human villin, namely the villin 14T crystal (Fig. 1A) and the actin-bound gelsolin crystal structure (Fig.  1B) . Several aspartic acid, glutamic acid, and alanine residues were chosen because of their correspondence to residues involved in calcium binding by gelsolin. Anionic residues were mutated to polar neutral residues such as asparagine or glutamine as well as the nonpolar residue leucine. Modeling studies on the same mutants were performed to explore the structural differences in calcium-sensitive regions. Using this approach, we identified two major Ca 2ϩ -regulated sites in the amino-terminal domain of villin, one of which regulates only actin depolymerization and the other both actin capping and actin depolymerization by villin. In addition, we identified four additional sites contained within the villin homologous repeats (S2-S6) that regulate calcium-induced conformational changes in villin and modify the actin-depolymerizing activity of villin.
EXPERIMENTAL PROCEDURES
Materials-Escherichia coli BL21 competent cells and the QuikChange site-directed mutagenesis kit were from Stratagene, the prokaryotic expression vector pGEX2T was from Amersham Biosciences, glutathione-Sepharose 4B FastFlow was from Amersham Biosciences, GelCode Blue was from Pierce, monoclonal antibodies to villin were from Transduction Laboratories, and the muscle actin polymerization kit and the actin-binding kit were purchased from Cytoskeleton (Denver, CO). All other chemicals were from Sigma or Invitrogen.
Calcium-induced Conformational Changes in Villin-Ca 2ϩ -induced conformational changes in villin were examined by recording the quenching of villin's intrinsic tryptophan fluorescence essentially as described previously (20) . Briefly, Ca 2ϩ (final concentration between 0 and 1.3 mM) was added at 0.3-l increments, and the fluorescence spectra were recorded 5 min after each addition. The apparent dissociation constant, K d , was calculated using the equation presented here in Equation 1,
where F is the fluorescence quenching at a given Ca 2ϩ concentration, F max is the total fluorescence quenching of villin saturated with Ca 2ϩ , and [Ca 2ϩ ] T is the total concentration of Ca 2ϩ . F max is estimated by curve fitting of the binding data using the Hyperbol-fit program in MicroCal Origin. Alternatively, the intrinsic association constant, K a , as well as the stoichiometry of binding, , were derived from the graphical method of Stinson and Holbrook (21) 
is obtained. The stoichiometry of interaction, , can be calculated by dividing the intercept with the protein concentration as described previously (5) . The spectra were recorded in buffer A (2 mM Tris/HCl, pH 7.6, 0.2 mM Na 2 ATP, 0.5 mM dithiothreitol, and 0.01% NaN 3 ), 1 mM CaCl 2 , and 1 mM EGTA (calcium-free buffer) or buffer A plus 1 mM EGTA and 2 mM CaCl 2 with 2 M protein and corrected for buffer fluorescence. The free calcium concentration, which was 1 nM in the case of calcium-free buffer and 1 mM in the case of Ca 2ϩ -containing buffer, was calculated using the apparent dissociation constant of Ca-EGTA determined by Harafuji et al. (22) .
Calcium-sensitive Site Mutants-Human villin cloned in the prokaryotic expression vector pGEX-2T1 was used as a template to mutate the putative calcium-sensitive sites in human villin. The aspartic acid, glutamic acid, and alanine residues in full-length human villin were substituted with the neutral amino acids asparagine, glutamine, leucine, or glycine, respectively, by designing complementary primers and using a QuikChange site-directed mutagenesis kit to make single base changes as described previously (5) . The mutation primers were as follows: VIL/E25Q, 5Ј-GCAGATATGGAGGATCCAGGCCATGCAGAT-GG-3Ј (forward) and 5Ј-CCATCTGCATGGCCTGGATCCTCCATATCT-GC-3Ј (reverse); VIL/D44L, 5Ј-GGAAGCTTCTTCGATGGTCTCTGCT-ACATCATCCTGG-3Ј (forward) and 5Ј-CCAGGA-TGATGTAGCAGAG-ACCATGCAAGCTTCC-3Ј (reverse); VIL/D61N, 5Ј-GCCAGCAGCCTG-TCCTATAACATCCACTACTGGATTGG-3Ј (forward) and 5Ј-CCAATC-CAGTAGTTGGATGTTATAGGACAGGCTGCTGGC-3Ј (reverse); VIL/-E74L, 5Ј-GGACTCATCCCTGGATCTGCAGGGGGCAGCTGCC-3Ј (forward) and 5Ј-GGCAGCTGCCCCCTGCAGATCCAGGGATGAGTC-C-3Ј (reverse); VIL/D86L, 5Ј-CTACACCACACAGATGCTTGACTTCCT-GAAGGGCC-3Ј (forward) and 5Ј-GGCCCTTCAGGAAGTCAAGCATC-TGTGTGGTGTAG-3Ј (reverse); VIL/A93G, 5Ј-GAAGGGCCGGGGTGT-GCAGCACC-3Ј (forward) and 5Ј-GGTGCTGCACACCCCGGCCCTT-C-3Ј (reverse); VIL/V122R, 5Ј-GGAAAGGGGGCCTGGCTTC-TGGCA-T-3Ј (forward) and 5Ј-ATGCCAGAAGCCAGGCCCCCTTTCC-3Ј (reverse); VIL/D164L, 5Ј-GGAAGAGTTTCAACCGAGGGTTAGTTTTCC-TCCTGGACCTTGG-3Ј (forward) and 5Ј-GGAAGAGTTTCAACCGAGG-GTTAGTTTTCCTCCTGGACCTTGG-3Ј (reverse); VIL/E186L, 5Ј-GGA-AAGCACCCGTATGTTGAGACTCAGGGGCATGA-3Ј (forward) and 5Ј-TCATGCCCCTGAGTCTCAACATACGGGTGCTTTCC-3Ј (reverse); VI-L/E307L, 5Ј-AGAA-AGCCAATGAGCAGCTGAAGAAGGGAGCCATG-AG-3Ј (forward) and 5Ј-CTCATGGCTCCCTTCTTCAGCTGCTCATTG-GCTTTCT-3Ј (reverse); VIL/D425L, 5Ј-CACTTCTATGGGGGCCTCTG-CTACCTGCTGCTC-3Ј (forward) and 5Ј-GAGCAGCAGGTAGCAGAG-CCCCCATAGAAGTG-3Ј (reverse); VIL/E455L, 5Ј-GCCAGGCCAGCC-AAGATTTAATTACAGCATCAGCTTATCAA-3Ј (forward) and 5Ј-TTG-ATAAGCTGATGCTGTAATTAAATCTTGGC-TGGCCTGGC-3Ј (reverse); VIL/D544L, 5Ј-GCCAATTTCCTCAATTCCAATTTAGTCTTTG-TCTTTGTCCTCAAGACCCAG-3Ј (forward) and 5Ј-CTGGGTCTTGAG-GACAAAGACT-AAATTGGAATTGAGGAAATTGGCCC-3Ј (reverse); VIL/E566L, 5Ј-GTTGTAGCGGGGACTTGCGGGAGATGGCCAA-3Ј (forward) and 5Ј-TTGGCCATCTCCCGCAAGTCCCCGCTACAAC-3Ј (reverse); VIL/D648L, 5Ј-GGATGACTTGGAAGAGGATCTTGTGTTCC-TACTAGATGTCT-3Ј (forward) and 5Ј-AGACATCTAGTAGGAACACA-AGTCCTCTTCCAAGTCATCC-3Ј (reverse); VIL/E670L, 5Ј-ATGCCAA-CGAGGAGCTGAAGAAGGCCGCAGC-3Ј (forward) and 5Ј-GCTGCGG-CCTTCTTCAGCTCCTCGTTGGCAT-3Ј (reverse).
Modeling of Calcium Bound/Free Villin-Two crystal structures contributed to the development of the wild-type NH 2 -terminal domain of villin. The villin 14T crystal structure (23) , entry 2VIK in the Protein Data Bank (24) , contributed the structure of residues 2-108 (residues 1-107 in 2VIK, which lacks the NH 2 -terminal methionine). Residues 109 -127 were modeled in the Molecular Operating Environment program (MOE) (2002; Chemical Computing Group, Montreal) by homology to residues 108 -125 from the gelsolin segment 1 complex with actin and calcium ions (25) (entry 1EQY in the Protein Data Bank).
The A93G mutation was modeled in the context of the wild-type models by side-chain substitution and the addition of hydrogen atoms in the MOE program. The goal of the modeling studies was to explore the structural differences promoted by replacement of alanine at position 93 with glycine, which does not alter the availability of a carbonyl group for calcium binding. The two starting models were geometryoptimized with the MMFF94 force field and were used as starting points for molecular dynamics simulations. Constant volume and constant temperature simulations were performed at 300 K with 1-fs time steps. An initial equilibrium phase of 60 ps was followed by a data collection phase of 500 ps during which one structure was sampled every picosecond to generate a 500 structure trajectory. All distances between atom pairs are reported as averages over the 500 structure trajectories.
Actin Depolymerization Kinetics-The basis of this assay is that the fluorescence intensity of pyrene-labeled actin is much greater for polymeric actin than for monomeric actin. The ability of villin to sever actin filaments was determined by its effect on the rate and extent of decrease in the fluorescence of pyrene-labeled actin. Fluorescence measurements were performed at 25°C using the FluoroMax3 spectrofluorometer essentially as described previously (26) . The excitation wavelength was set at 365 nm, and the emission wavelength was set at 407 nm.
The actin capping activity of wild-type and mutant villin proteins was measured essentially as described previously (5). F-actin villin (wild-type or mutant) seeds were prepared by polymerizing unlabeled G-actin (in buffer containing 5 mM Tris-HCl, 0.2 mM ATP, and 2.5 M CaCl 2 , pH 7.5) with the addition of 150 mM KCl and 1 mM MgCl 2 . 290 nM villin-actin seeds were used as nuclei for polymerization with pyrene-labeled G-actin (1.4 M) in a reaction volume of 200 l. The increase in fluorescence was measured over time as described above.
Protein Conformation-To determine the effect of specific mutations on the overall stability of the villin molecules, fluorescence-monitored urea denaturation was performed on each recombinant protein essentially as described earlier (27) . Briefly, each recombinant protein was incubated for 1 h at room temperature with increasing concentrations of urea in 30 mM MOPS 1 buffer (pH), and tryptophan fluorescence emission maxima ( max ) were recorded for each protein at different concentrations of urea.
RESULTS

Kinetics of Ca 2ϩ -induced Conformational Changes in Villin-
The addition of calcium has been shown to change the structure of the villin molecule (1). This effect allowed us to measure the tryptophan quenching of villin to identify changes in the conformation of the villin protein following its association with Ca 2ϩ . Villin has an emission maximum of 337 nm, 1 The abbreviations used are: MOPS, 4-morpholinepropanesulfonic acid; GST, glutathione S-transferase; WT, wild-type.
FIG. 1. Schematic representation of putative Ca
2؉ -sensitive sites in human villin. A, the putative calcium-binding residues Asp-61 (D61), Ala-93 (A93), Asp-86 (D86), Asp-44 (D44), Glu-25 (E25), Glu-74 (E74), and Val-122 (V122) were predicted based on the villin 14T crystal structure, entry 2VIK in the Protein Data Bank. The calcium ion is shown in green spheres. The blue sticks represent the two major calcium-binding sites, whereas magenta sticks represent the minor calcium-binding sites contained within these pockets representing site 1 (Glu-25, Asp-44, Glu-74, and Val-122) and site 2 (Asp-61, Asp-86, and Ala-93). B, putative calcium-binding sites conserved in the villin-gelsolin superfamily. The crystal structure of gelsolin segments 4 -6 in complex with actin and Ca 2ϩ ions were used to predict putative calcium-binding sites in the villin homologous domains S1-S6. Segmental repeats in villin are represented by S1 through S6. S7 represents the COOH-terminal headpiece domain of villin.
and Ca 2ϩ induces a dose-dependent and saturable quenching of villin's intrinsic tryptophan fluorescence without shifting its emission maxima ( Fig. 2A) . Tryptophan fluorescence measurements were also made in the presence of MgCl 2 alone (supplemental The tryptophan fluorescence data was also fit using two hyperbolic terms (Fig. 2C ) and suggested two Ca 2ϩ -induced transitions in the villin protein with apparent K d values of 0.50 Ϯ 0.07 and 93.92 Ϯ 33.32 M, respectively. The two hyperbolic fits gave a higher standard deviation and a larger residual sum of squares. Similar studies done with gelsolin also report two Ca 2ϩ -induced transitions with significantly high standard deviation values (6.0 Ϯ 3.6 and 0.05 Ϯ 0.01 M) (28) . Because the single hyperbola fits the data well, gives a low residual sum of squares that is compatible with the experimental variance, gives a meaningful K d value with low standard deviation, and is the simpler of the two models, we applied the goodness of fit criteria and assumed that, in villin unlike in gelsolin, there may be only one calcium-induced conformational change. The fractional binding of villin to calcium was plotted against the total calcium concentration, and the stoichiometry of Ca 2ϩ binding to villin was estimated as 5.97 with an association constant, K a , of 0.0125 M (Fig. 2D) . This finding suggests (Fig. 2E) .
Molecular Characterization of Calcium-sensitive Sites in the Amino-terminal Domain of Villin-Based on the NMR structure of the S1 domain of villin (14), we developed a model for Ca 2ϩ -induced conformational changes in villin that includes several putative Ca 2ϩ -binding residues in human villin including Gul-25, Asp-44, and Glu-74 (site 1) and Asp-61, Asp-86, and Ala-93 (site 2; Fig. 1A ). Based on the crystal structure of the homologous protein gelsolin, we predicted additional residues that could participate in Ca 2ϩ -induced conformational changes in villin, i.e. the so-called type 2 Ca 2ϩ -binding sites in each of the six homologous domains of villin (Fig. 1B) (17) . Gelsolin contains two classes of calcium-binding sites, namely type 1 sites shared between actin and gelsolin domains and type 2 calcium-binding sites contained within gelsolin (17) . To confirm the role of these sites in the Ca 2ϩ -induced conformational changes in villin, we generated point mutants in which each of these residues was replaced by a neutral amino acid with the closest structural resemblance. The side-chain carbonyl group of Asn or Gln might effectively substitute for the single oxygen of an acidic residue. Thus, a reduction of calcium binding in these mutants would indicate the involvement of both oxygen atoms in calcium binding. The nonpolar side chain of Leu is incapable of coordinating calcium and, thus, a decrease in calcium binding is expected for these mutants. The alanine predicted to coordinate calcium through its backbone carbonyl group was mutated to glycine because of its unique structural properties. Ca 2ϩ -induced conformational changes were analyzed using tryptophan fluorescence. Both polar residues of the same size (Glu mutated to Gln and Asp mutated to Asn) and nonpolar residues of similar size (Glu or Asp mutated to Leu) were selected to investigate the involvement of anionic residues (Leu mutants) and whether one or both oxygen atoms of the acidic side chain participate (Gln and Asn mutants) in calciuminduced conformational changes in villin. Each of these mutant cDNA was engineered into the prokaryotic expression vector, pGEX-2T1, and the mutant proteins were expressed as glutathione S-transferase (GST)-tagged fusion proteins (Fig. 3A) . Calcium-induced conformational changes by each of these mutants as well as by wild-type villin were determined by meas- uring the relative quenching of the intrinsic tryptophan fluorescence of the villin protein (Fig. 3, B-I ). As shown in Fig. 3B , wild-type villin (VIL/WT) shows a significant decrease in tryptophan fluorescence in the presence of Ca 2ϩ . The relative tryptophan quenching was calculated as the percentage decrease in fluorescence measured in the absence of Ca 2ϩ . VIL/WT has a relative tryptophan quenching of 14.6%. The villin mutants VIL/E25Q, VIL/D44L, VIL/D61N, VIL/E74L, and VIL/A93G show a significant decrease in calcium-induced tryptophan quenching compared with wild-type villin (Fig. 3, C-I) . Interestingly the villin mutants VIL/D44N, VIL/E74Q, and VIL/ D86N gave modest changes in calcium-induced tryptophan fluorescence quenching (Fig. 3I) . However, mutation of any of these residues to a leucine resulted in a much larger decrease in Ca 2ϩ -induced conformational changes (Fig. 3I) . We speculate that the replacement of Asp or Glu with Asn or Gln does not alter the position of the carbonyl in the side chain, which may also be involved in Ca 2ϩ -binding; on the other hand, the mutation of Asp or Glu to Leu excludes all oxygen atoms in the side chain, which may be important for Ca 2ϩ binding to villin. The VIL/V122R mutant behaved like VIL/WT (data not shown). In addition we have previously identified two residues, Asp-467 and Asp-715, that also regulate calcium-induced conformational changes in villin and function as latch residues (3). Based on the crystal structure of gelsolin, Asp-86 in human villin was predicted to function as a latch residue but was not identified as a latch residue for the following reasons. (i) Relative to other latch residue mutants (namely D467L and D715L), the D86L mutant produced a modest change in the relative tryptophan fluorescence quenching (1.9 for Asp-467, 3 for Asp-715, and 9.9 for Asp-86 compared with 14.6 for fulllength villin). (ii) Urea denaturation and circular dichroism studies with D86N or D86L showed no significant change in the overall conformation of the protein as one would predict for a latch residue that releases the auto-inhibited conformation of villin. (iii) The D86L mutant protein did not function like other latch residues, that is, it did not sever actin at lower Ca 2ϩ concentrations (whereas D467L and D715L did). However, the Asp-86 residue does participate in calcium-induced conformational changes in villin, albeit modestly. Taken together these data identify two major sites in the amino-terminal domain of villin between amino acids 25-93 that participate in calciuminduced conformational changes in villin.
Molecular Dynamics of Villin-Experimentally, the VIL/ A93G mutant showed the largest Ca 2ϩ -induced change in relative tryptophan fluorescence (Fig. 3I) . No change in backbone carbonyl functional groups occurs with this mutant. Therefore, molecular dynamics simulations were performed to compare the structure of villin with Ala (wild-type) or Gly (A93G mutant) at position 93. The simulations on the wild-type and VIL/A93G mutant demonstrate that glycine at position 93 induces a significantly different orientation of the backbone carbonyl group (Fig. 4) . This conformational difference alters the relative spacing and the flexibility of oxygen atoms that must interact with calcium to initiate the conformational change reflected in the tryptophan fluorescence measurements. The distance between the carboxylate oxygen at position 86 and the side-chain carbonyl group at positions 93 is 2.6 Å in wild-type villin versus 3 Å in A93G. Thus, the A93G mutation introduces both geometric and flexibility differences in the calcium-sensitive region, which explain how calcium binding is diminished without alteration of the functional group, which could be involved in calcium binding.
Characterization of Intra-domain Calcium-sensitive Sites in Villin-Based on the crystal structure of gelsolin domains S4 -S6 in the presence of calcium, putative calcium-binding sites in villin were identified in the domains S1-S6 and include Asp-44 and Glu-74 in S1, Asp-164 and Glu-186 in S2, Asp-284 and Glu-307 in S3, Asp-425 and Glu-455 in S4, Asp-544 and Glu-566 in S5, and Asp-648 and Glu-670 in S6 (Fig. 1B) (17) . To determine whether these calcium-binding sites are conserved in villin, we mutated both putative sites in each domain to leucine residues and expressed them as GST fusion proteins (Fig. 5A ) that were characterized for calcium-induced conformational changes by tryptophan fluorescence quenching. Asp-44 and Glu-74 were characterized as part of the Ca 2ϩ -sensitive site 1 (Fig. 3) . Mutation of other intra-domain sites allowed us to identify four additional sites between S2-S6, including Asp-164 and Glu-186 (in S2), Asp-284 and Glu-307 (in S3), Asp-544 and Glu-566 (in S5), and Asp-648 and Glu-671 (in S6) (Fig. 5, B-G) . Together, our data suggest that villin contains a total of six Ca 2ϩ -sensitive sites, namely two major Ca 2ϩ -sensitive sites in the amino-terminal domain (site 1 and site 2) and four additional Ca 2ϩ -sensitive sites in domains S2, S3, S5, and S6. S4 was identified as a minor Ca 2ϩ -sensitive site because the mutations of Asp-425 and Glu-455 produced a very small decrease (10 versus 14.6) in the intrinsic tryptophan fluorescence of villin. These data are consistent with the calculated stoichiometry for calcium-induced conformational changes in full-length villin.
Functional Properties of Villin Mutants Lacking the Calcium-sensitive Sites-To determine which of the identified sites regulate the actin-modifying functions of villin, we compared the actin-depolymerizing and -capping activities of wild-type villin with the Ca 2ϩ -sensitive site mutants. The ability of wildtype and mutant-villin proteins to bind to the plus or barbed end of actin filaments was tested by following the polymerization kinetics of pyrene-labeled G-actin from barbed ends under polymerization conditions where there is little or no growth from the pointed end. Proteins that bind to the barbed end of the filament can retard the rate of polymerization nearly 10-fold. The concentration of calcium (2.5 M) used in the assays has been shown to be saturating for the capping but not for the severing of actin filaments by villin (13) . As shown in Fig. 6A , the addition of pyrene-labeled G-actin to the F-actin seed results in significant and rapid actin polymerization over time. In contrast, wild-type villin shows a significant decrease in actin polymerization due to capped barbed ends and, hence, the inhibition of actin-filament growth. Cytochalasin D, a known barbed end capper, was used as a positive control to show barbed end capping. Mutation of Ca 2ϩ -sensitive site 1, namely E25Q, D44L, and E74L, significantly inhibited the capping activity of villin, which was now comparable with that of the control samples (in the absence of villin; Fig. 6A ). Ca 2ϩ -sensitive site 2 mutants, namely VIL/D61N, VIL/A93G, and VIL/ D86L, had no effect on the capping activity of villin, and these mutants capped the barbed end of actin filaments just as well as did wild-type villin (Fig. 6B) . These data identify a single Ca 2ϩ -dependent actin-capping site in the amino-terminal domain of villin. Because the amino-terminal of villin also contains the Ca 2ϩ -dependent F-actin depolymerizing activity, we measured actin depolymerization by wild-type and mutantvillin proteins. In the absence of any protein, pyrene-labeled F-actin filaments depolymerize slowly over time (Fig. 7) . The addition of wild-type villin significantly increases the rate of actin depolymerization. Mutation of either site 1 or site 2 inhibits the actin-depolymerizing activity of villin. Mutation of E25L and E74L produces the largest decrease in the actindepolymerizing activity of villin proteins. Taken together, our data show that whereas capping is exclusively regulated by site 1, depolymerization is regulated by both site 1 and site 2. One circumstance for this could be that villin's Ca 2ϩ -dependent actin-severing activity may exhibit cooperativity in that Ca 2ϩ binding to site 1 could amplify the effect, resulting in efficient actin severing by villin, or Ca 2ϩ binding to site 1 could enhance Ca 2ϩ binding to site 2, which may be the principal Ca 2ϩ -dependent actin-severing site in villin.
We next sought to determine whether the homologous domains of villin contain functional Ca 2ϩ -sensitive sites. Loss of the S4 Ca 2ϩ -sensitive residues (VIL/D425L and VIL/E455L) shows a very small decrease in the (p Ͻ 0.01, n ϭ 9) capping activity of villin compared with VIL/WT, which is modest compared with site 1 mutants (Fig. 8A) . The villin domain mutants VIL/D164 and VIL/186L (S2), VIL/D284 and VIL/E307L (S3), VIL/D544 and VIL/E566L (S5), and VIL/D648 and VIL/E670L (S6) behaved like VIL/WT and cytochalasin D. Thus, the actincapping activity of villin is largely contained in the amino terminus within the actin monomer-binding domain of villin. These data not only provide functional characterization of the Ca 2ϩ -sensitive sites in villin but also identify the Ca 2ϩ -dependent actin-capping sites in villin. All domain mutants exhibit lower actin-depolymerizing activity than that of VIL/WT with the exception of the domain S4 mutants (VIL/D425L and VIL/ E455L; Fig. 8B ). Thus, effectively, most of the villin core and the calcium-sensitive sites contained within the core can regulate the actin-depolymerizing function of villin. This finding is consistent with the observation made by Janmey and Matsudaira that 44T was somewhat less active than intact villin in filament severing (6) . Together, these data identify the Ca 2ϩ -sensitive sites in villin that participate in regulating the actincapping and actin-depolymerizing functions of villin.
The unfolding profiles of wild-type and mutant villin as a function of urea concentration were recorded by measuring the intrinsic tryptophan fluorescence emission spectrum. The wildtype and mutant proteins express very similar unfolding transition, thus demonstrating that the villin mutants used in this study maintain the structural integrity of the wild-type protein (Fig. 9) . DISCUSSION It is speculated that the actin-severing and -capping functions of villin are important to its role in cell motility (29) . 2 Both of these activities of villin are regulated by different concentrations of calcium. Although half-maximal capping is obtained at Ca 2ϩ concentrations of 1 M, half-maximal severing by villin requires Ͼ100 M Ca 2ϩ . To explain these large differences in the Ca 2ϩ requirement for severing and capping, it has been suggested that a high affinity Ca 2ϩ -binding site may regulate actin capping, whereas a low affinity Ca 2ϩ -binding site may regulate the actin-severing activity (13) . Three separate studies have identified binding constants for Ca 2ϩ in villin between 2.1 M and 11 mM (9, 10, 14) . In addition, identification of the specific residues in villin that participate in calciuminduced conformational changes have not been confirmed by functional analysis. In the present study we have sought to characterize the Ca 2ϩ -sensitive residues in villin and correlate the functional properties of villin with these sites. Our analysis reveals that full-length villin binds Ca 2ϩ with a K d of 80.5 M (when data are fit to a single hyperbola). When data are fit to two hyperbolas it suggests the presence of at least two Ca 2ϩ -induced transitions with K d values of 0.50 and 93.92 M. Based on previously published reports. our data suggest that the affinity of full-length villin for Ca 2ϩ is higher than that predicted for villin 14T (80.5/93.9 M versus 1.8 -11 mM) (14) . However, it is significantly lower than the dissociation constants estimated by Hesterberg (9) . The dependence of villin's actin-severing function on high calcium concentrations (100 -200 M) suggests that that the latter was an underestimate of the calcium-binding sites in villin. One possibility is that equilibrium dialysis and chromatography techniques measuring direct binding of calcium to villin (such as those used by Hesterberg and Weber and Glenney et al.) (9, 10) may not be sensitive enough to detect the low affinity calcium-binding sites regulating the actin-severing activity of villin. The calcium affinity of villin measured by us using tryptophan fluorescence quenching suggests a K d of 80 -93 M for full-length villin, which is closer to the half-maximal binding constant for actinsevering (100 M).
Based on the solution structure of villin 14T, Markus et al. used calcium titration to predict the presence of two calciumbinding sites in the amino-terminal domain of villin (14) . Based on this structure, we modeled the specific residues in villin that could regulate calcium-induced conformational changes. Markus et al. predicted Glu-25, Asp-44, or Glu-74 as one site and Asp-85 or Glu-87 as the second site. We modeled Glu-25, Asp-44, Glu-74, and Val-122 as the putative residues for site 1 and Asp-61, Asp-86, and Ala-93 for site 2. Our mutational analysis suggests that all of these residues, with the exception of Val-122, regulate calcium-induced conformational changes in villin, consistent with the two sites described by Markus et al. A comparison of the refined structure of villin 14T with gelsolin domain 1 shows that the calcium-binding residues identified in the gelsolin segment 1 co-crystal with actin are conserved in villin 14T (23) . Based on the crystal structure of gelsolin, site 1 in villin is likely a type 1 site, namely a calciumbinding site shared between villin and actin (17) . Based on the sequence homology between villin S1 and gelsolin G1 domain (14) , Ca 2ϩ binding at site 1 could likewise regulate the interaction between villin and actin by directly participating in the villin-actin interface. The type 1 sites in gelsolin are observed in the G1 and G4 domains of gelsolin. In villin, site 1 is observed in the homologous domain we refer to as S1. The crystal structure of Ca 2ϩ -free whole horse plasma gelsolin by Burtnick et al. (15) suggests that the calcium-binding site in gelsolin domain 1 (consistent with site 1 in villin) could reorient the placement of the G3 domain of gelsolin with respect to G1 in the presence of Ca 2ϩ , thus allowing interaction between actin monomers and G1. A similar assumption could be made for villin based on the similarity between the S1 domain of villin and gelsolin (14) . Asp-86 in villin (domain S1), like Asp-109 in gelsolin (domain G1), could participate in the S1-S3 latch, keeping the NH 2 -terminal half of villin in a closed conformation and thus obscuring the G-actin-binding site in S1. However, mutational analysis suggested that Asp-86 might not function as a latch that could induce significant conformational changes in villin, releasing its auto-inhibited conformation and allowing it to depolymerize actin at lower Ca 2ϩ concentrations. It may be mentioned that the S4 -S6 latch described for gelsolin is conserved in villin (Asp-467 in human villin) and functions as a latch residue, resulting in significant calcium-induced conformational changes in the villin protein (3). In contrast, site 2 could be a type 2 calcium-binding site contained entirely within villin. The second site in villin, site 2 (which lies between domain S1 and S2), could be homologous to the second higher affinity Ca 2ϩ site observed in the G-actin/G1 complex of gelsolin (16) , which would lie between domains G1 and G2 in whole gelsolin (15) . Based on the Ca 2ϩ -free whole plasma gelsolin crystal structure, Burtnick et al. speculate that Ca 2ϩ binding to this site may facilitate a rearrangement within G1-G3 that could regulate actin-severing by gelsolin (15) , which is consistent with the idea that although gelsolin G1-G3 severing is not regulated by Ca 2ϩ , the efficiency of severing is increased in the presence of Ca 2ϩ . In a more recent study by Burtnick et al. the structure of G1-G3 and actin complex was reported, which suggests that Ca 2ϩ binds to S2 transiently and that calcium binding to G3 releases the G1-G3 interaction and reveals a cryptic calcium-binding site in G2 (19) . One possibility is that site 2 in villin is analogous to that cryptic site, which could bind Ca 2ϩ transiently. Comparison of villin 14T structure and the gelsolin-actin co-crystal shows some differences between villin and gelsolin actin monomer-binding sites (23) . In the gelsolin-actin complex, the hydrophobic residues that contribute to the apolar actin binding surface include Phe-49, Ile-103, Val-106, and Phe-149. In villin 14T the Ile is conserved, but the other side chains are replaced with smaller, less hydrophobic residues (Met-26, Thr-82, and Met-125). Additional differences between the domains 1 of villin and gelsolin include the charge distribution in the actin monomer-binding domains of these two proteins. Although in gelsolin the Lys-38 that is in the proximity of the hydrophobic residues offsets the negative charge involved in actin monomer binding and is close to the type 2 calcium-binding site in gelsolin, in villin 14T this negative charge is not compensated by similar interactions, and villin may require calcium binding to compensate for this negative charge (23) . This observation suggests that the molecular mechanisms regulating villin and gelsolin binding to actin monomers in domain 1 may not be similar. This possibility may contribute to the higher calcium requirements for actin severing by villin or may explain why actin binding to villin remains a Ca 2ϩ -dependent function. Nonetheless, it appears that, like gelsolin, villin contains at least one type 1 sites that may directly mediate the binding of villin to actin.
Hesterberg and Weber identified two rapidly exchanging calcium sites on free villin with very similar binding constants of 2 ϫ 10 for the binding constant for calcium-saturated villin binding to the barbed ends of actin filaments (12) . Both of the rapidly exchanging calcium sites identified by Hesterberg and Weber could regulate the actin-capping activity of villin (10) . However, one of these rapidly exchanging Ca 2ϩ -binding sites was described in the headpiece, which has not been shown to regulate any Ca 2ϩ -dependent function of villin. Based on these studies we conclude that site 1 in villin is very likely the rapidly exchanging calcium binding site identified in the villin core by Hesterberg and Weber (10) . The G1-G3 as well as the G4 -G6 latch in gelsolin is predicted to bind Ca 2ϩ with a K d of 7 M (28). The K d for the rapidly exchanging Ca 2ϩ binding site in villin is 2 M, comparable with that of gelsolin.
To identify the putative type 2 calcium-binding sites in villin we used the crystal structure of the gelsolin G4 -G6 actin-Ca 2ϩ co-crystal (17) . The putative calcium-binding residues in villin were mutated and examined for calcium-induced conformational changes. Our data reveal that, like gelsolin, villin contains type 2 calcium-sensitive sites, which are entirely contained within villin. Unlike gelsolin, villin contains four type 2 sites in domains S2, S3, S5, and S6 that participate in calciuminduced conformational changes. These sites could participate in structural rearrangements in the villin protein that regulate its actin-depolymerizing and or -capping functions. Whereas the type 2 site in gelsolin G6 domain (Asp-669) is believed to release the tail latch conformation of gelsolin, thus releasing the calcium-free gelsolin conformation, the homologous residue in villin (Asp-648) does not result in Ca 2ϩ -induced conformational changes in villin. 3 In contrast, two residues in the S4-S5 and S6-S7 interdomain region regulate the hinge-latch mechanism in villin (3). In addition, unlike for gelsolin, the COOHterminal half of villin is not required for its actin-severing activity (6). Thus, unlike for gelsolin, the type 2 calcium-binding sites in villin may have additional functions, including stabilizing the villin conformation in the presence of calcium. Neither Asp-86 (predicted to open the S1-S3 latch) nor Asp-648 (predicted to release the S4 -S6 latch) appears to induce significant calcium-induced conformational changes in villin, whereas Asp-467 (predicted to release the tail latch conformation) does. This suggests that, unlike gelsolin, villin may undergo only one calcium-induced conformational change. This possibility is supported by our tryptophan fluorescencequenching data, which suggest a single conformational change in response to Ca 2ϩ rather than two or three transitions as predicted for gelsolin (2, 28, 31) .
There are several studies that point to a major conformational change that involves rearrangement of the COOH-terminal half of gelsolin relative to G2, which is believed to expose the G2 F-actin side-binding domain, thus regulating gelsolin function. In particular, the G1-G3 half of gelsolin has been shown to sever actin filaments in the absence of Ca 2ϩ whereas whole gelsolin requires Ca 2ϩ for actin-severing, suggesting that additional calcium-regulated events located between G1-G3 and G4 -G6 must regulate gelsolin activity (32) . In fact, Hellweg et al. demonstrated that calcium-induced conformational changes in gelsolin are localized to the carboxyl-terminal half of gelsolin (33) , and both G5 and G6 have been shown to contain two separate Ca 2ϩ -binding sites that could regulate such transitions (31) . The G6 domain of gelsolin has multiple interactions with the first three domains in gelsolin (G1-G3) especially close to the G2 F-actin side-binding domain of gelsolin (34) . Kwiatowski et al. reported that deletion of the 23-amino acid COOH-terminal region of the G6 helix releases the auto-inhibited conformation of gelsolin, allowing it to sever F-actin in the absence of Ca 2ϩ . We believe that such a major calcium-induced conformational change also occurs in villin and is regulated by Asp-467 and Asp-715 (3). Unlike gelsolin, in villin mutants of Asp-467 and Asp-715 actin depolymerization remains a calcium-dependent function, although requiring much lower Ca 2ϩ concentrations (50 nm versus 200 M) (3). Our functional analysis shows that actin capping is exclusively regulated by site 1 in villin. In contrast, the actin-depolymerizing activity of villin is regulated by both site 1 and site 2. The type 2 calcium-sensitive sites do not regulate the actin-capping activity of villin, although modest changes were seen with domain S4 mutants. In contrast, the type 2 calcium-sensitive sites, most significantly in S2, S5, and S6, regulate the actin-depolymerizing activity of villin. The S2 domain contains the F-actin side-binding site and, based on the crystal structure of gelsolin, calcium binding to this site would repel the S6 domain away from S2, which may allow access to the F-actin side-binding site in S2. S5, and S6 calcium-sensitive sites, if they behave like gelsolin, would likewise reorient S6 away from S2, thus removing any steric hindrance that would prevent F-actin binding to S2. Similarly, calcium binding to type 2 sites in S2 (site 2 in villin) could prevent its interaction with S6, thus regulating the actin-depolymerizing activity of villin.
Our study uses mutational analysis to functionally characterize calcium-sensitive sites in villin. To the best of our knowledge, this is the first such analysis for any protein of this family. We report for the first time that the type 1 calciumsensitive sites, which are at the interface of villin domain 1, and actin regulate the affinity of villin's association with actin. We demonstrate for the first time that type 1 sites also produce calcium-induced conformational changes in villin in the absence of actin. Furthermore, we report that the type 1 site in villin regulates the actin-capping activity of villin. Our study also reveals for the first time that type 2 sites are responsible for calcium-induced conformational changes in villin, but mutation of any of these sites does not inhibit the actin-capping functions of villin but regulates the actin-depolymerizing activity of villin. This is the first systematic deletion of all the predicted calcium-binding sites in villin.
Our studies help to understand not only the functional similaritiesbetweenvillinandgelsolinbutalsoelucidatethecalciumdependent biochemical differences between villin and gelsolin. A functional comparison of villin and gelsolin has clearly demonstrated differences in the calcium requirements and binding profiles of these two proteins (6) . For instance, the calcium requirements for severing by villin are higher than those for gelsolin (13) . Furthermore, villin requires calcium for its association with actin, whereas gelsolin will maintain a 1:1 complex with actin even in the absence of calcium (30, 35) . There are additional differences between villin and gelsolin, and the most significant one is that the severing domain of villin is Ca 2ϩ -dependent, whereas the analogous domains in gelsolin are Ca 2ϩ -independent. The activation of gelsolin at low pH is another property that is not shared by villin (6) . By analogy, the aminoand carboxyl-terminal halves of villin show different calcium dependences from the respective halves of gelsolin and, hence, behave differently (6) . Although it remains undisputed that the calcium binding properties of villin and gelsolin share significant structural homology, the molecular characterization of these sites in the present study may help to understand the functional differences between villin and gelsolin.
